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     The supercritical fluid is defined as non-compressible fluid above the critical 
pressure and temperature. Some new characteristics, which is not conventionally existing, 
occur in the supercritical fluid, such as anomaly change of the solubility around the 
critical point, continuously density change in gas- to liquid-like region, engineering 
superiority including synthesis capability. Owing to its outstanding solvent properties, the 
supercritical fluids have been used in many fields. In particularly, Supercritical water is 
the important targets in science and engineering. This is why there are a large amount of 
water around our life as thermodynamically stable substance. Furthermore, water is basic 
material for construction of the green chemistry.  
     The inhomogeneity of the molecular distribution in the supercritical fluid is 
extremely larger than the other phases. The special quality is attributed to coexistence 
state of gas- and liquid-like structures caused by competition between the thermal energy 
and the intermolecular interaction around the critical point. There are many studies for 
the evaluation of the physical properties in the supercritical fluid. However, almost 
physical quantities express only one major part as average value in the space. The 
fluctuation, which reflects the local density difference from its average value, is 
appropriate parameter to exactly express the inhomogeneity of the molecular distribution. 
Additionally, it is known that the singularity of the chemical reaction exists on the 
maximum of the fluctuation, indicating that we need the evaluation from viewpoint of the 
fluctuation.  
     The Bhatia-Thornton theory provides the decisive information about the 
inhomogeneity of the molecular distribution though the density and the concentration 
fluctuations in the binary system. The concentration fluctuation, which reflects the 
inhomogeneity of concentration in the system, is determined from combining the small-
angle scattering and density measurements. The inhomogeneity have been appropriately 
evaluated using the theory in metal alloys, glasses, polymer solution, and aqueous 
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solution. Moreover, the Kirkwood-Buff parameters and the individual fluctuations are 
determined from the concentration fluctuation by the Kirkwood-Buff theory. These 
parameters give more detailed information of the structural fluctuation between solute‒
solute, solvent‒solvent, and solute‒solvent. 
Although the inhomogeneity of the molecular distribution is reflected by the 
fluctuation, the number of reports for the fluctuation is smaller than that of the other 
quantities due to the high-temperature and high-pressure conditions of the supercritical 
fluids. In the our laboratory’s previous studies, the fluctuation behavior of the neat 
supercritical fluids in detail has been determined by the small-angle X-ray scattering. One 
of the most characteristic results is universal behavior of the absolute value of the 
fluctuation without a kind of the materials. The density fluctuations show almost same 
values on the reduced thermodynamic conditions of the density and the temperature. We 
also reported the individual density fluctuations of water and n-pentane in the 
supercritical aqueous solution of n-pentane. The enhancement of the fluctuations was 
discussed in the middle density region. However, we have observed the imperfection of 
the fluctuation theory for the supercritical binary system in later study. This result 
suggests that the fluctuation behavior still has not been determined in the supercritical 
aqueous solution. 
Hydrophobic materials are rarely dissolved into water under ambient condition. 
The inhomogeneity of concentration is enhanced due to hydrophobic interaction. The 
system approaches to the phase separation by the enhanced inhomogeneity. However, 
water and the hydrophobic materials perfectly mix each other under the supercritical fluid. 
The supercritical aqueous solutions of hydrophobic materials have high potential of 
reaction media. The solutions are applied to many applications, such as chemical reaction 
without an acidic catalyst, recycle, effective synthesis of the nanoparticle, decomposition 
of toxic substances, and extraction.  
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The supercritical aqueous solution of hydrophobic material pay much attention for 
the both sites of fundamental researches and application sides. Therefore, we are curious 
of important phenomena and the evaluation of the specificity for understanding the 
supercritical aqueous solution of hydrophobic material. For the questions, Boero et al. 
gave an answer in 2004 from the molecular dynamics simulation study. In the case of the 
chemical reaction of Beckmann rearrangement, the reaction is triggered mostly by 
reduced density and related fluctuation peculiar to the supercritical phase. A not just 
sparse area like a gas phase, and not just dense area like a liquid phase, the coexistence 
of the two areas is important. 
An important point of the study on the supercritical fluid is the stable experiment 
of the thermodynamic condition. The objective is achieved by construction of the sample 
holder and the accurate control of the temperature. The sample holders have been reported 
for the small angle scattering study of the supercritical fluid from some viewpoints, such 
as body material, variability of the sample length and sample volume, and miniaturization. 
However, there is no reports about a sample holder containing all the conditions necessary 
for the supercritical aqueous solutions of hydrophobic materials. The appropriate volume 
of the sample is needed to determine accurately the concentration in the case of the binary 
system. 
In the present study, the individual fluctuations were determined in the supercritical 
aqueous solution of hydrophobic material system. The inhomogeneity was discussed over 
entire concentration range in the gas- and liquid-like regions along the critical isotherm 
of water. n-pentane was selected as the hydrophobic material. It is most simple 
hydrocarbon in liquid materials under the ambient condition. The enhancement of the 
fluctuations is predicted by large difference of the intermolecular interaction between 
water and n-pentane corresponding the hydrogen bonding interaction and the van der 
Waals interaction, respectively. The fluctuations were analyzed from experimental value 
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of the small angle X-ray scattering and density measurements based on the Bhatia-
Thornton theory and the Kirkwood-Buff theory in consideration of the imperfection of 
the fluctuation theory for the supercritical binary system. Therefore, the sample holder 
was constructed for the supercritical aqueous solutions of the hydrophobic materials.  
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2.1. Introduction 
The Bhatia-Thornton theory1 was constructed for an evaluation of inhomogeneity 
of molecular distribution of concentration and density in binary metal alloy.2 There is no 
assumption in the theory, suggesting that the theory has potentially to be applicable for 
all systems. In the previous study, the theory has been applied to many systems, such as 
glasses,3 solutions of under the ambient condition4–8 and near liquid-liquid critical point,9–
11 and supercritical solutions.12,13  
The determination of the fluctuation is experimentally difficult in the case of the 
supercritical solutions. This is why the supercritical solutions are high-temperature and/or 
high-pressure fluid. However, we can obtain a great deal of results beyond the difficult 
experiments. More deeply structural information in the system is discussed via Kirkwood-
Buff parameters14 and individual fluctuations15 obtained by the Bhatia-Thornton theory. 
Although the Bhatia-Thornton theory has the many advantages, there is a problem 
with the analysis for the supercritical solution. In the present chapter, the problem, which 
is a contradiction between the concentration fluctuation obtained by Bhatia-Thornton 
theory and another fluctuational parameter, is provided though the density dependence of 
the experimental results of a supercritical aqueous solution of n-pentane of 0.0880 mole 
fraction of n-pentane. To determine the concentration fluctuation, small-angle X-ray 
scattering (SAXS) and density measurements were performed. 
 
2.2. Definition of the three fluctuational parameters 
The concentration fluctuation SCC(0) in the binary system is defined by the 
following equation:1 
 
 SCC(0) = 〈N〉〈(∆c)2〉, (1) 
 
where <N> is the average number of molecules in the local volume, and Δc is the 
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difference between the instantaneous concentration in the volume and its average value. 
According to the Bhatia–Thornton theory,4,16,17 the concentration fluctuation can be 
experimentally determined by the zero-angle scattering intensity I(0) as follows: 
 
 SCC(0) = 
I(0)/〈N〉 − 〈Z〉2nkBTκT
{〈Z〉(vα − vβ)/V − (Zα − Zβ)}2
, (2) 
 
where n is the number density, κT the isothermal compressibility, T the absolute 
temperature, v the partial molar volume, Z the number of electrons, <Z> its average value, 
kB the Boltzmann constant, and V the molar volume. α and β denote the components α 
and β, respectively. In the case of neutron scattering, Z corresponds to the coherent 
scattering length of nuclei in the molecule. If the value of Z is exchanged with the coherent 
scattering length, the Bhatia–Thornton theory is applied to SANS.  
Here, we introduce three fluctuational parameters based on each part of equation 
(2), the scattering factor Sf, the density factor Df and the volume factor Vf. The parameters 
are defined by the following equations: 
 
 Sf ≡ I(0)/〈N〉, (3) 
 
 Df ≡ nkBTκT (4) 
 
and 
 
 Vf ≡ {〈Z〉(vα − vβ)/V − (Zα − Zβ)}2. (5) 
 
Using these three parameters, equation (2) can be rewritten: 
 
 SCC(0) = 
Sf − 〈Z〉2Df
Vf 
. (6) 
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2.2.1. The scattering factor 
The scattering factor Sf reflects the total information of the three fluctuations, 
namely the concentration fluctuation SCC(0), the density fluctuation SNN(0) and their cross 
term SNC(0) in the following equation:
16,17 
 
 Sf = 〈Z〉2SNN(0)+(Zα − Zβ)2SCC(0)+2〈Z〉(Zα − Zβ)SNC(0). (7) 
 
The density fluctuation and the cross term are defined as follows: 
 
 SNN(0)=
<(∆N)2>
<N>
 (8) 
 
and 
 
 SNC(0)=<∆N∆c>, (9) 
 
where ΔN is the difference between the instantaneous particle number in the local volume 
and its average value. In the case of neat fluids, Sf simply equals the product of Z
2 and Df, 
because when SCC(0) and SNC(0) in equation (7) equal zero. 
 
2.2.2. The density factor 
The density factor Df reflects the inhomogeneity in the molecular distribution 
without making a distinction between the components α and β. An increasing Df 
corresponds to a growth of an aggregate, which is higher density are from its average 
density. As mentioned in the Introduction, this inhomogeneity is defined as the density 
fluctuation in the case of neat systems. However, in the case of a binary system, the 
density fluctuation defined by Bhatia and Thornton involves the contribution of the 
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concentration fluctuation, as well as the inhomogeneity in the particle number without 
distinguishing between the two components. Namely, the density fluctuation for the 
binary system can be obtained from the following equation:16 
 
 SNN(0) = Df + (
vα − vβ
V
)
2
SCC(0). (10) 
 
Df is a decisive parameter for the discussion on gas- and liquid-like structures in the 
supercritical fluids, because a maximum of the product of the isothermal compressibility 
and the number density, which equals Df under isothermal conditions, allows separation 
of the gas- and liquid-like regions in the phase diagram.18–22 Df focuses only on density 
difference from the averaged density value in the local volume. The second term in 
equation (10) increases with increasing the inhomogeneity of concentration. In order to 
discuss the transition between the gas- and liquid-like regions, we must focus on the 
relationship between the void and the molecules without distinguishing between the 
components α and β. The information corresponds to the density factor defined by 
equation (4). 
 
2.2.3. The volume factor 
The first term <Z>(vα − vβ)/V on the right-hand side in equation (5) shows 
relationship of the ratio: 
 
 V : <Z> = (vα − vβ) : (Zα' − Zβ'), (11) 
 
where (Zα' − Zβ')  represents the difference in the number of electrons between the 
components α and β in a real state. Therefore, <Z>(vα−vβ)/V is related to the number of 
the electron difference in a real state between components α and β, which is obtained by 
vα and vβ. Equation (5), therefore, equals the deviation in the experimentally determined 
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number of electron and the normally defined number in molecules. 
While the difference between Sf and Df reveals the concentration fluctuation of the 
number of electrons, Vf converts the fluctuation of the ‘number of electrons’ to the 
‘molecule number’.  
 
2.3. Experimental method 
The SAXS measurements were performed in the supercritical aqueous solution of 
n-pentane of 0.0880 mole fraction of n-pentane along a critical isotherm of water at BL-
6A station,23 Photon Factory in High Energy Acceleration Research Organization, 
Tsukuba. The exposure time was 60 s. The scattering intensities were detected using a 
PILATUS 1M detector (Dectris Ltd). The sample-to-detector distance was set at 1530 
mm, which was calibrated using the diffraction peaks of silver behenate.24 The incident 
and transmitted X-rays were monitored by an ion chamber and a photodiode detector,25,26 
respectively. The X-ray beam was monochromatized to 1.50 Å and focused to 1.0 × 1.0 
mm2 at a detector with a bent monochromator and a bent mirror. The observable s-region 
in the present measurements was 0.05–2.5 Å−1, where the scattering parameter, s, is 
defined as 4πsinθ/λ (2θ: scattering angle, λ: wavelength of the X-rays). The fluid 
temperature was set at 648.16 ± 0.42 K. The experimental temperature corresponds to the 
critical temperature of neat water (the critical temperature and pressure equal 647.096 K 
and 22.064 MPa, respectively).27 The temperature was measured with a platinum 
resistance thermometer (MC-0403, Netsushin Co., Ltd.) connected to a digital multimeter 
(Model 2700, Keithley Instrument Co.) using a four-wire method. The sample 
temperature was controlled with four cartridge heaters inserted into the cell body. The 
fluid pressure was raised up to 40 MPa, and then the pressure was changed under a 
pressure-released process. The pressure was measured with a strain gauge (PGL-A-
50MP-A Kyowa Electronic Instruments Co., Ltd). Ultra-high-purity water (≥18.2 MΩ 
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cm) (ultrapure water, Milli-Q, Millipore) and n-pentane (≥ 99.9 %) (UniSolv, Merck) 
were used. The mole fraction of n-pentane in the mixture was set at 0.0880 by mass of 
water and n-pentane. 
The density measurements were carried out by X-ray absorption method using 
Lambert-Beer’s law as the following equation, 
 
 ρ = ln (
Iback
Isample
) /μml, (12) 
 
where ρ is the density, Iback the SAXS intensity of the background, Isample the SAXS 
intensity of the sample, μm mass absorption coefficient, and l sample length, respectively. 
The intensities of the incident and the transmitted beam were detected by the ion chamber 
and the photodiode detector in situ the SAXS measurements, respectively. The 
experimental device and its condition correspond to the SAXS measurements in the 
present study. To determine the partial molar volume, the several mole fractions of n-
pentane were set at 0.0680, 0.0880, 0.0912, 0.1097. and 0.1840. 
 
2.4. Contradiction between SCC(0) and SAXS intensity 
Figure 1 shows the pressure dependence of the density of several mole fractions. 
The isothermal compressibility and the partial molar volume were obtained from the 
density by the differential calculation of the pressure and the concentration. Figure 2 and 
3 show the SAXS profiles and the corresponding Ornstein–Zernike plots (i.e. 1/I(s) vs s2) 
based on the following equation,28 
 
 I(s) = 
I(0)
1+ξ 2s2
 , (13) 
 
where ξ is the Ornstein–Zernike correlation length. I(0) was determined from the intercept 
of the straight line in the Ornstein-Zernike plot. The scattering, density, and volume 
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factors were analyzed from the zero-angle scattering intensity, the isothermal 
compressibility, and the partial molar volume, respectively. Figure 4 shows the three 
factors.  
Figure 5 shows the density dependence of the concentration fluctuation, which is 
determined by the three factors, of the supercritical aqueous solution of 0.0880 mole 
fraction along the critical isotherm of water at 647 K. The most characteristic result is a 
divergence of the concentration fluctuation in the density region between 0.1 and 0.2 g 
cm-3. In generally, the thermodynamic condition at the divergence shows the critical point 
or the phase separation line.9,29 Therefore, the behavior strongly affect to the other 
parameters. In particular, the SAXS intensity, which contributes to the concentration 
fluctuation though the equation (6), extremely increases toward the zero-angle.  
However, there is no large SAXS intensity in the small s-region compatible with 
the behavior. Therefore, the thermodynamic condition at the divergence of the 
concentration fluctuation differs significantly from the critical point and the phase 
separation line. Figure 6 shows the phase diagram of the supercritical aqueous solution 
of n-pentane of 0.0880 mole fraction. The result suggests that the Bhatia-Thornton theory 
is insufficient for the case of the supercritical solution.  
From the result of Figure 4, the divergence in the system is dominated by the 
volume factor (the partial molar volume), which contribute to the concentration 
fluctuation though the denominator of equation (6). The volume factor has zero value at 
the corresponding density, resulting in the divergence of the concentration fluctuation.  
The SAXS intensity at the zero angle is determined as following equation,30  
 
 I(0) =  Δρ2VS2S(0), (14) 
 
where Δρ is electron number difference, VS the scattering volume of the aggregate, S(0) 
the structure factor, respectively. The volume from viewpoint of the SAXS measurement 
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corresponds to electron number in the scattering volume of the aggregate. The volume 
decreases with a disaggregate. On the other hand, the partial molar volume significantly 
increases with decreasing density. It is for reason that the partial molar volume includes 
the information of the void, which increases with decreasing density. From these results, 
the contradiction is emphasized with decreasing density in the theory, suggesting the 
observation of the divergence of the concentration fluctuation. 
 
2.5. Conclusions 
The adaptability of the Bhatia-Thornton theory was discussed for the supercritical 
binary system though the concentration fluctuation. The divergence of the concentration 
fluctuation was observed at the low-density region in the case of the simple use of the 
Bhatia-Thornton theory. However, there is no sign of SAXS intensity, which is strongly 
reflected by the fluctuations. Therefore, the experimental condition differs from the 
critical point or the phase separation line. The divergence of the concentration fluctuation 
is dominated by the volume factor determined from the partial molar volume in the 
present system. The partial molar volume increases with decreasing the density by the 
contribution of the void in the space. On the other hand, the scattering volume decreases 
with the density by the disaggregate. From the contradiction between the partial molar 
volume and the SAXS, the different behavior is observed in the case of the using the 
Bhatia-Thornton theory. To obtain the concentration fluctuation without the contradiction, 
the liquid-like volume without the void is the necessity. 
15 
 
Figure 1. The pressure dependence of the density ρ of the supercritical aqueous solution 
f n-pentane at 647 K. The symbols of the open cycle, and square, triangle, reverse triangle, 
and diamond, correspond to 0.0680, 0.0880, 0.0912, 0.1097, 0.1840 mole fraction of n-
pentane, respectively. 
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Figure 2. The SAXS profiles of the supercritical aqueous solution of n-pentane at some 
density at 647 K. 
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Figure 3. Ornstein–Zernike plot of the supercritical aqueous solution of n-pentane at 
0.0880 mole fraction along an isotherm at 647 K. 
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Figure 4. The density dependence of the scattering factor, the density factor, and the 
volume factor. The symbols of the open cycle, square, and triangle, correspond to the 
scattering factor, the density factor, and the volume factor, respectively. 
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Figure 5. The density dependence of the concentration fluctuation of the supercritical 
aqueous solution of 0.0880 mole fraction of n-pentane 647 K. 
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Figure 6. The phase diagram of water and n-pentane system of 0.0880 mole fraction. 
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3.1. Introduction 
Studies based on the concept of the fluctuation are adapted to diverse research fields 
such as biological phenomena,31–34 complex materials,2,28,35 and cosmological 
physics.36,37 The fluctuations in number density and concentration of complex materials 
have been investigated using the small-angle scattering combined with structure factors, 
as proposed by Bhatia and Thornton. The Bhatia–Thornton theory16 evaluates the 
structural inhomogeneity of amorphous solids in the binary systems. This theory has been 
widely applied to investigate the inhomogeneity of solutions under the ambient 
conditions4–7,38,39 and near the liquid-liquid critical points.9–11,40,41  
In the supercritical state, the inhomogeneity of the molecular distribution is 
extremely larger than that on the gas, the liquid or the solid phases. This inhomogeneity 
provides decisive information about the structural aspect in the supercritical fluid. The 
small-angle scattering of X-rays (SAXS) or neutrons (SANS) is an effective method for 
investigating the structural fluctuation, because the large inhomogeneity in the molecular 
distribution is embodied in the small-angle scattering and the zero-limited scattering 
intensity.16,28,42–46 
One of the most characteristic results is the existence of a ‘ridge’ of density 
fluctuation, so-called ‘Nishikawa line’.19,43,47–50 The Nishikawa line is a locus of points 
where the values of the density fluctuations take their maxima in isothermal changes. The 
characteristic locus separates the gas- and liquid-like regions of the supercritical fluids.18–
22,51 The correlation length and other thermodynamic quantities, which are expressed by 
the second derivatives of the Gibbs energy (e.g. isothermal compressibility, thermal 
expansion coefficient, and heat capacity), have their maxima along so-called Widom 
line.52–54 There is a clear difference between the Nishikawa line and the Widom line, 
namely the density fluctuation concerning the Nishikawa line is universally displayed 
under an absolute scale in a normalized density–temperature phase diagram by critical 
23 
constants.  
In our previous studies, we have concluded that the isothermal changes of the 
density fluctuations show similar behaviors for various substances, such as CO2, 
trifluoromethane, xenon, ethylene, and benzene, at the same reduced temperatures.47,48,55–
57 On the other hand, the absolute value of the density fluctuation of water is larger than 
the other substances.58 The result originates from the probability of a three-dimensional 
interaction and the formation of a spatial network of hydrogen bonding. The behavior has 
been discussed in difluoromethane, which also has the network site for the intermolecular 
interaction in the molecule.59 
In the case of the solution systems, Debenedetti proposed an important concept for 
the clustering, such as aggregation and local density enhancement of solvent molecules 
around a solute.60 The concept of clustering was experimentally observed by Eckert et al. 
through their finding of a negative value of the partial molar volume.61 Shulgin and 
Ruckenstein calculated the fluctuations in the concentration and the particle-number of 
individual components of CO2/ethane and CO2/naphthalene mixtures based on their 
thermodynamic variables.12 Kataoka obtained the concentration fluctuations of the 
Lennard–Jones mixtures using a Monte Carlo simulation.62  
Although the fluctuation strongly reflects nature of the supercritical fluid, studies 
on the fluctuations in the binary aqueous solutions are limited. For dilute systems of 
aqueous solutions, relationships between pressure, volume, temperature, and 
concentration have been reported, and they were used to evaluate the excess particle 
number of solvent molecules around a solute via the Kirkwood–Buff theory.63,64 The 
coordination number of the solvent water around the solute ions, and the magnitude of 
the fluctuation in supercritical aqueous solutions of electrolytes, have been investigated 
in detail using SAXS and X-ray absorption spectroscopy.65–68 Recently, we have 
performed the SAXS analysis of the number density fluctuation for a supercritical 
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aqueous solution of n-pentane at a 0.088 mole fraction, as exercised for liquid–liquid 
binary systems.13  
In the present chapter, three fluctuational parameters: a scattering factor, a density 
factor and a volume factor, are determined for discussion of the mixing state based on the 
concept of Bhatia-Thornton theory. This is why it is suggested that the theory would not 
be applicable simply for supercritical solutions due to their wide density range from gas- 
to liquid-like regions. We observed two specific behaviors in supercritical aqueous 
solutions using the scattering factor and the density factor, which were determined by 
SAXS and density measurements, respectively. Furthermore, the contribution of the 
concentration fluctuation was discussed on the basis of the difference between the 
scattering factor and the density factor. 
 
3.2. Experimental method 
3.2.1. Construction of sample holder 
The sample holder was newly constructed for the high-temperature and high-
pressure (HT/HP) SAXS measurements. The HT/HP SAXS sample holders have been 
previously designed for supercritical water and aqueous solutions.58,69–71 Amita et al. 
reported an HT/HP optical cell for general-purpose spectrometry measurements. The 
present sample holder was constructed based on the designs by combining our titanium 
cell and the optical cell.72 The cross section of the sample holder is shown in Figure 7. A 
titanium alloy (Ti–6Al–4V) was selected as the material for the body,26,69,70 because of its 
relatively low thermal expansion and high resistivity against corrosion under the present 
experimental conditions. A metal–metal taper seal proposed by Amita et al. was used for 
sealing between the body and window plug without a metal gasket. To enclose the fluid 
only in the center area of the holder, stainless-steel tubes and a platinum resistance were 
directly connected to the body using the taper seal connections (High Pressure Equipment 
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Co.). The height of the internal size was designed to be low (18 mm in diameter) for 
prevent convection, because the properties of the supercritical fluids are strongly affected 
by the convection. Two diamond disks (Sumitomo Electric Industries Ltd.), 4.0 mm in 
diameter and 0.7 mm in thickness, were used for X-ray windows, and they were sealed 
with gold O-rings. The certainty of the design of the holder was checked based on the 
SAXS intensities and the densities in supercritical water.27,58 
 
3.2.2. SAXS and density measurements 
The conditions and devices of SAXS and density measurements correspond to 
“Chapter 2.3”. The observable s-region in the present measurements was 0.03–0.12 Å−1. 
The fluid temperature was set at 647.01±0.42 K. Figure 8 shows the measured points in 
the pressure–temperature phase diagram of the present system. The position of the 
separation line shown in the phase diagram depends on the mole fraction of n-pentane. 
The separation line between the one- and two-phase regions in 0.0880 mole fraction was 
estimated from the literature value reported by Rasulov.73,74 
 
3.3. Results and Discussions 
3.3.1. The scattering factor 
Figure 9 shows the representative SAXS intensities (I(s) vs s) and the 
corresponding Ornstein–Zernike plots (i.e. 1/I(s) vs s2). The SAXS intensities were 
normalized by the fluid densities ρ, which were determined by X-ray absorption of the 
sample. The SAXS intensities in the small s-region increase with the fluid density, 
suggesting a larger inhomogeneity of molecular distribution. 
     I(0) and ξ were obtained from the intercept and slope of the straight line in the 
Ornstein–Zernike plot. Sf was estimated from the I(0) value according to equation (3). 
Figure 10 shows the density dependence of I(0) and Sf. The obtained Sf increases with the 
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fluid density, reaching a maximum at 0.33 g cm−3 (corresponding to 30 MPa), and then 
decreasing with the density. Equation (7) indicates that relevant information on the 
fluctuation in the solution is not derived from Sf. This is because Sf includes information 
on both the concentration fluctuation and the density fluctuation as shown in equation (7). 
The density at the maximum position of Sf suggests that the inhomogeneity of the density 
or concentration takes maximum and/or enhancement at a higher-fluid-density region in 
the mixture compared to those for neat fluids. 
Figure 11 shows the density dependence of ξ. ξ is related to a density-density 
correlation function G(r),28 which measures the correlation of the fluctuation of the 
density from its average value, corresponding the distribution function of aggregate size. 
ξ determined a degree of exponential decay of the distribution function. ξ behavior 
corresponds to Sf in the previous researches of the neat systems of supercritical fluids and 
fluid Hg.19,43,45,48–50,55–58,75 On the other hand, although Sf decreases in the higher density 
region at 0.33 g cm−3, ξ increases with increasing density in the present all the density 
region. The increasing behavior corresponds to increasing fluctuation of water, n-pentane, 
and water/n-pentane. However, it is difficult to decisive the contribution of the ξ behavior 
including the possibility of three fluctuations in the case of the present system. 
 
3.3.2. The density factor 
Figure 12 shows the density dependence of Df estimated from equation (4) under 
the isothermal condition. The isothermal compressibility of an ideal gas is also included 
in Figure 12. We experimentally observed the maximum of Df at around ρ = 0.26 g cm−3, 
which corresponds to a pressure of 27.3 MPa. The thermodynamic condition at the 
maximum can be predicted from the van der Waals theory using the following equation:19 
 
P/P* = − 8T/T* + 36√T/T*
3
− 27 , (15) 
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where P is the fluid pressure. P* and T* are the critical pressure and the critical 
temperature of van der Waals fluid, respectively. Assuming P* and T* are defined at the 
bending point (P*=25.4 MPa and T*=632 K) that is illustrated in Figure 8, the ridge of 
the maxima of the density fluctuation (discussed in the Introduction) is displayed by the 
broken line. The corresponding pressure at the measured temperature of 647.01 K was 
estimated to be 27.8 MPa according to the van der Waals equation of state. This calculated 
value shows good agreement with that experimentally determined by Df. 
In the density region of ρ < 0.26 g cm−3, Df increases with the fluid density, thereby 
suggesting an increasingly inhomogeneous system in the molecular distribution, which 
corresponds to the growth of the aggregates (i.e. increasing the ‘dense area’ of molecules 
in the space). On the contrary, isolated molecules or small aggregates (the ‘sparse area’ 
of molecules in the space) are transformed into larger aggregates, and hence the 
probability of the sparse area decreases with increasing the fluid density in the same 
discussion as that for the neat supercritical fluids.18,76,77 At the maximum of Df (ρ = 0.26 
g cm−3), the dense and the sparse areas coexist in the system. 
In the density region of ρ > 0.26 g cm−3, Df decreases with increasing the fluid 
density. This change reveals a decreasing inhomogeneity. The coexistence state is broken 
as a result of the increasing fluid density. This indicates that the growth of the aggregates 
is enhanced. Therefore, the dense area becomes the main component in the fluid. 
 
3.3.3. Phase separation and difference between Sf and Df 
Sf and Df show their maxima at the different density positions (0.33 and 0.26 g cm
−3, 
respectively). The two parameters show the same behavior in the case of neat fluids, and 
the difference observed here between the two parameters is attributable to the 
concentration fluctuation in the binary system. The results suggest that the concentration 
fluctuation increases with the fluid density. This behavior could correspond to the sign of 
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the existence of the phase separation in the higher-fluid density region.  
Figure 13 summarizes the density dependences of Sf and Df for neat systems and 
the solution. The upper two graphs in Figure 13 demonstrate the dependencies of Sf and 
Df at T/T* = 1.02 for typical neat systems, such as CO2 (quadrupole interaction), water 
(hydrogen bonding), benzene (π–π stacking), trifluoromethane (dipole–dipole 
interaction) and xenon (van der Waals interaction). The values of Sf of the neat systems 
were estimated from the zero-angle X-ray scattering intensity.46,56–58 The values of Df 
were calculated based on the isothermal compressibility in the same manner as that of the 
binary systems.27,78–81 The isothermal compressibility was obtained from the equations of 
state. For all neat systems, the density dependences of Sf show the same behavior having 
a maximum nearly at ρ/ρC = 1. ρC is the critical density of the material. On the other hand, 
the absolute values of Sf vary with the types of the interactions. Xenon shows the largest 
value, follow by trifluoromethane, benzene, carbon dioxide and water. This order 
corresponds to the number of electrons in the molecule. In the case of a neat system, 
equation (7) can be rewritten as follows:  
 
 Sf = 〈Z〉2SNN(0). (7’) 
 
Sf reveals the information on the fluctuation of ‘the number of electrons’ as shown in 
equation (7’). Therefore, the molecules with the larger number of electrons show the 
larger absolute values of Sf as a result of the contribution of <Z>
2 term. Df in the neat 
systems basically shows the same behavior independent of the substances except for 
hydrogen bonding fluids, such as water.58,82  
In the case of the present binary system, Sf and Df show different behaviors, namely 
the density position at the maximum of Sf is observed to be higher than that of Df. The 
space in the system is monotonely occupied by the molecules with increasing fluid density 
in the density region of ρ < 0.26 g cm−3. The system changes from the gas- to liquid-like 
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regions, thereby showing the boundary at the maximum position of Df. The difference of 
the intermolecular interaction between the components affects the mixing state of the 
solution. The effect becomes more significant in the liquid-like region, resulting in the 
growth of aggregates composed of the same component, while the aggregates of different 
molecules do not increase. The increasing intermolecular interaction between water and 
water causes decreasing interaction between water and n-pentane. In addition, the 
aggregates between n-pentane and n-pentane, namely a kind of hydrophobic interaction, 
are induced by the increasing interaction between the water molecules. The interaction 
between water and n-pentane decreases indirectly as a result. These effects in the 
interactions enhance the concentration fluctuation of the system. These changes in the 
interaction between water and n-pentane suggest that the phase separation of the system 
occurs in the higher-fluid-density region. The similar mechanism of the increase and/or 
decrease of the interaction in the supercritical fluid has been reported as a ‘repulsive’ 
interaction by the clustering concept.60 It is well known that the concentration fluctuation 
significantly increases as approaching to the liquid–liquid critical point and the phase 
separation line.9–11,38,40 
 
3.4. Conclusion 
The mixing state in the supercritical aqueous solution of n-pentane was discussed 
based on Sf and Df from the viewpoint of the fluctuation of number density.  
The maximum of Df in the supercritical solution is observed, corresponding to the 
transition point between the gas- and liquid-like regions. The behavior cannot be assessed 
if the density fluctuation defined by the Bhatia–Thornton theory is used. The contrast in 
the dense and sparse areas in the space changes clearly at the maximum, in the same 
manner of neat supercritical fluids. The density position at the maximum shows good 
correlation with the theoretical value that predicted by the bending point, which has been 
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calculated using the van der Waals equation of state.  
A comparison of Df and Sf gives decisive information concerning the concentration 
fluctuation in the solution. Sf and Df show maxima at the different density positions for 
the solution in the present study. It is suggested that the concentration fluctuation of the 
system increases in the higher-fluid-density region, which will result in the phase 
separation of the system. 
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Figure. 7. Cross section of the high-pressure/high-temperature sample holder for 
SAXS measurements. A: sample injection tube, B: heater, C: to strain gauge, D: sample 
exhaust tube, E: grand nut, F: platinum resistance, G: window backup screw bolt, H: Ti–
6Al–4V body, I: window plug, J: stainless-steel disc spring, K: window cap, L: diamond 
window, M: sample area. 
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Figure 8.  Pressure–temperature phase diagram of the supercritical aqueous 
solution of n-pentane at 0.0880 mole fraction. The symbols of the closed square, open 
diamond, and closed circle correspond to the bending point, the critical point of water and 
the measured points, respectively. The solid line and the long dashed short dashed line 
indicate the phase separation line and the vapor–liquid coexistence line of neat water, 
respectively. The broken line represents the locus of the maximum of the density factor 
from the van der Waals theory. 
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Figure 9. (a) Representative SAXS intensities and (b) Ornstein–Zernike plot of a 
supercritical aqueous solution of n-pentane at 0.0880 mole fraction along an isotherm at 
647 K. A : 0.35 g cm–3 (32.17 MPa), B : 0.31 g cm–3 (30.28 MPa), C : 0.28 g cm–3 (28.34 
MPa), and D : 0.23 g cm–3 (26.06 MPa).The solid lines indicate an Ornstein–Zernike 
fitting line. 
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Figure 10. The density dependence of (a) the zero-angle X-ray scattering intensity and 
(b) the scattering factor of the supercritical aqueous solution of n-pentane at 0.0880 mole 
fraction along an isotherm at 647 K. The symbols of open circle and open triangle 
correspond to I(0) and Sf, respectively. 
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Figure 11. The density dependence of the correlation length of the supercritical 
aqueous solution of n-pentane at 0.0880 mole fraction along an isotherm at 647 K. The 
diamond symbol corresponds to ξ. 
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Figure 12. The density dependence of (a) the isothermal compressibility and (b) the 
density factor of the supercritical aqueous solution of n-pentane at 0.0880 mole fraction 
of n-pentane along an isotherm at 647 K. The symbols of open triangle and open inverted 
triangle correspond to κT and Df, respectively. The broken line is isothermal 
compressibility of ideal gas, which is calculated value. 
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Figure 13. The behavior of the scattering factor, Sf, and the density factor, Df, in the 
case of the present binary system and the neat systems 55,57,58,83; ○: CO2, □: benzene, ▲: 
trifluoromethane, ◄: xenon, and▼:water. ρC is the critical density of the neat systems. 
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Chapter 4. 
Disaggregation behavior of hydrophobic material 
in its affinity solvent 
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4.1. Introduction 
Asphaltene, the heaviest composition in petroleum, is defined as a heptane-
insoluble fraction on the basis of solubility in an ambient condition. Asphaltene is a 
typical aggregate of polycyclic aromatic hydrocarbons, in which heteroatoms such as 
sulfur, nitrogen, oxygen, nickel, and vanadium are included. It is of critical importance in 
energy use of a heavy oil to elucidate a asphaltene aggregation process. The primary 
reason for this is that a efficiency of the energy use of the heavy oil significantly decreases 
by the asphaltene aggregate.84,85 Nowadays, information about various condition, such as 
concentration, solvent, and temperature, is request in the asphaltene aggregate. 
The disaggregation process of asphaltene has been evaluated in some solvents, such 
as mineral oil,86 crude oil,87–90  cis-decahydronapthalene,86 benzene,91–93 decalin,91,94 
tetrahydrofuran,92,95 pyridine,92 quinolone,94 1-methylnaphethalene,94,95 toluene,95–103 and 
toluene-heptane mixed solvent.90,104 Recently, we reported the disaggregation process in 
bromobenzene,105 which was selected as extremely good solvent with asphaltene 
aggregate from the viewpoint of Hansen solubility parameters. 
The Hansen solubility parameters give an information about the solubility of 
asphaltene in solvent affinity.106,107 The solvents are plotted in the three dimensional 
coordinate of the energy with origin of asphaltene between molecules from the forces of 
van der Waals interaction, dipole-dipole interaction, and hydrogen bonding. The positions 
of toluene and pentane were evaluated to be near and far positions to asphaltene, 
corresponding to good and poor solvents, respectively. So, therefore, by adding into 
toluene, we can study the effect of the solvent affinity quantitatively based on the Hansen 
solubility parameters. 
Small-angle scattering of X-rays (SAXS) and neutron (SANS) are an effective 
method to study a decisive information on structure for the asphaltene aggregate in 
colloidal length scale. The disaggregation process of asphaltene has been evaluated using 
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the SAXS and SANS,86–105 particularly under high-temperature and/or high-pressure 
conditions (HT/HP).89,94,96,108,109 It is industrially important for the efficient use of oil. 
This is why applying HT/HP, which is performed in petroleum refining processes, 
potentially work as an operative for the disaggregation, although the effect is yet to be 
elucidated. HT/HP measurements for disaggregation of asphaltene has been mostly 
performed by SANS. The scattering profile and the radius of gyration have been obtained 
about the asphaltene aggregates in the several solvents under the HT/HP, suggesting that 
the size of asphaltene aggregates decreases monotonely with increasing temperature. 
In the present study, the SAXS measurements were performed to investigate the 
disaggregation process of asphaltene in the toluene (TL) and toluene‒pentane (TL‒PT) 
solvents under ambient condition and the HT/HP. Distance distribution function P(r) and 
the radius of gyration Rg were evaluated from the scattering profiles for the TL and TL‒
PT solvents. The dependence of solvents, concentration, and temperature of P(r) and Rg 
are discussed from the viewpoint of disaggregate. The behavior of R(r) in the present 
study is compared with the previous research obtained by the SANS.  
 
4.2. Experimental method 
4.2.1. Sample preparation 
We selected toluene (TL) and toluene–pentane (TL–PT) as solvent for asphaltene. 
Asphaltene is a heptane-insoluble fraction in Canadian oil sand bitumen (CaAs). The TL–
PT solvent was set at 10 volume % of PT. The concentration of asphaltene were 500, 1000, 
10000, and 100000 mg/L. For the HT/HP measurements, the concentration of asphaltene 
set at 5000 mg/L. The solutions were shaken by hand, ultrasonicated for 5 min, and then 
allowed to stand for a couple of days. Before the SAXS measurement, 5 min 
ultrasonication were performed again. Asphaltene and sample preparation methods are as 
in the reference reports.105 
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4.2.2. SAXS measurements.  
The SAXS measurements for the TL and TL–PT mixtures of asphaltene were 
performed at the BL-6A station,23 Photon Factory at High Energy Accelerator Research 
Organization, Tsukuba. The exposure time was 300 sec. The scattering intensities were 
detected using the PILATUS 2M detector (Dectris Ltd, Baden Switzerland). The sample 
to detector distance was set at 2445 mm for the measurements of concentration and 
solvent dependence, and 2531 mm for the measurements of temperature dependence in 
the experiments of concentration and temperature dependence, respectively, which were 
calibrated using the diffraction peaks of silver behenate.110 The energy of incident and 
transmitted beams were monitored by the ion chamber and photodiode,111,112 respectively. 
The X-ray beam was monochromatized to 0.150 nm and focus to 1.0 × 1.0 mm2 at the 
detector with a bent monochromator and a bent mirror. The observable s-regions were 
0.1–2.0 nm−1 and 0.25–1.80 nm−1, where the scattering parameter s is defined as 4πsinθ/λ 
(2θ : scattering angle, λ : wavelength of the X-rays). For the HT/HP measurements, the 
temperature of TL–asphaltene was changed up to 300 °C along isobaric condition at 10 
MPa. Pressure was set at 10 MPa, which is higher than the critical pressure of TL. We 
avoided to cross the gas and liquid coexistence curve of toluene during the measurements. 
The critical temperature and the critical pressure of TL are 318.60 and 4.108 MPa, 
respectively.113  
A titanium alloy (Ti-6Al-4V) sample holder was used for the SAXS measurement 
under HT/HP. The titanium alloy has relatively low thermal expansion and high resistivity 
against corrosion under extreme condition. Two diamond disks, 5.0 mm in diameter and 
0.8 mm in thickness, were used as X-ray windows, and they were sealed with gold O-
rings. Two cartridge heaters were inserted into the cell body. 
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4.3. Results and discussions 
4.3.1. Solvent and concentration dependence of P(r).  
Figure 14 shows the SAXS intensities of asphaltene for 500, 1000, 10000, and 
100000 mg/L in the TL and TL–PT systems under the ambient condition. The SAXS 
intensities were standardized by electron density difference, Δρ, between asphaltene and 
solvent. All the SAXS intensities increase with decreasing scattering parameter, 
suggesting that there are the asphaltene aggregates in all the systems. In the concentration 
dependence of scattering profiles, the profile form shows approximately same behavior. 
The profile form of SAXS intensity depends on form, size, and  fractal structure of 
aggregates. This result suggests that the nature aspect of asphaltene aggregates almost 
never change with changing concentration. On the other hand, the increase of SAXS 
intensity in the TL–PT solvent is larger than the TL solvent in all the concentration. The 
change reflects the effect of addition of PT component.  
     P(r) were calculated from the direct Fourier transform of the scattering profiles as 
follows,30  
 
 P(r) = ∫ I(s) sr sin(sr) exp(‒Bs2) ds
∞
0
, (1) 
 
where I(s) and r are the scattering intensity and the distance, respectively. In the present 
calculation, the exponential term exp(‒Bs2) (B: damping factor) was applied to remove 
the termination effect of the direct transform, paying careful attention to present excessive 
smoothing of the functions. The other procedure for calculation is the same as those 
reported in our previous papers.114–117 The P(r) function reflects the nature of aggregates 
including the shape and the size of the particle. The extrapolation in small and high s-
regions were performed by the Zimm approximation as follows,118  
 
 I(s) = I(0) (1+
s2Rg2
3
)
-1
, (2) 
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where Rg and I(0) are the radius of gyration and scattering intensity at s=0, respectively. 
Figure 15 shows the concentration dependence of asphaltene of P(r) in the TL and TL‒
PT solvents. All the P(r) profiles without the kind of concentration and solvent show 
similar an asymmetric shape of P(r), which corresponds to tail form. The tail form is 
observed in the case of non-spherical aggregates and/or largely size distribution 
aggregates.30,117 The similar P(r) profile indicates that the aspect of structure in the 
aggregate does not change largely by the changing the concentration and solvent.  
 
4.3.2. Solvent and concentration dependence of Rg.  
To determine the size information of the asphaltene aggregate, the Zimm 
approximation was performed using eq. (2). Figure 17 shows a Zimm plot, 1/I(s) vs s2, of 
the SAXS intensity. The radius of gyration was obtained from the slopes of straight lines 
with an application range at sRg < 3 in the Zimm plots.
102 All the profiles show good 
straight line. It shows the appropriate region of the Zimm approximation. The 
concentration dependence of radius of gyration of asphaltene is shows in Figure 18. The 
values of radius of gyration in the TL-PT solvent are larger than the TL solvent in all the 
concentration range. PT has been reported as the poor solvent of asphaltene, and the 
asphaltene aggregates grow to larger size by the existence of poor solvent. This result 
corresponds to a value of a Hansen solubility parameter, which is an indicator of solvent 
affinity to asphaltene.105–107 The solvent affinity is evaluated by comparing the Hansen 
solubility parameters of each substance. The value differences of the Hansen solubility 
parameter between solvents (TL and PT) and asphaltene are 4.3 and 11.0 MPa0.5, 
respectively. The difference increases significantly from the TL solvent with adding PT, 
corresponds to 4.8 MPa0.5. This value also indicates that the TL solvent change to the poor 
solvent by influence of PT from the viewpoint of the Hansen solubility parameter. The 
obtained values of Rg shows in Table 1. 
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At the concentration region less than 10000 mg/L, the values of radius of gyration 
in both the solvents increase with increasing concentration, thereby suggesting the 
increasing size of aggregate, which corresponds to growth of aggregate. On the contrary, 
the radius of gyration decreases with increasing concentration in the concentration region 
more than 10000 mg/L. This decreasing behavior occurs by contribution of the 
interference effect of interparticle.90,105 Due to the growth of aggregate, the space in the 
system is occupied by the asphaltene aggregate. It is suggested that a contrast of the 
density difference between the asphaltene aggregate and solvents decreases in the space.  
 
4.3.3. Validity of the Zimm approximation.  
We determined Rg from integration of the P(r) profile to consider validity of the 
Zimm approximation as follows,30   
 
 RgP(r) = √
∫ r2P(r)dr
Dmax
0
2 ∫ P(r)dr
Dmax
0
, (3) 
 
where Dmax is maximum length in the aggregate, which corresponds to larger distance at 
P(r)=0 in profile. Figure 19 shows the concentration dependence of radius of gyration 
obtained from the Zimm approximation Rg
Zmm and estimated value Rg
P(r) by the P(r) 
profile in the TL and the TL‒PT solvents. The experimental result shows a good 
correlation between Rg
Zimm and Rg
P(r). This behavior suggests that the aggregate state of 
asphaltene can explain by the Zimm approximation, and it is appropriate for evaluation 
of asphaltene aggregate. From this result, the asphaltene aggregate does not have clearly 
structure in the system, corresponding to a coexistence state of the aggregate of several 
form and/or size.  
 
4.3.4. Temperature dependence of P(r).  
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Figure 20 shows the temperature dependence of the SAXS intensities of asphaltene 
concentration equals 5000 mg/L along the isobaric condition at 10 MPa. The increasing 
degree of intensity at 29 °C is larger than those at higher temperatures, suggesting that 
the size of asphaltene aggregates is highest at the lowest temperature. 
Figure 21 shows the P(r) profiles of asphaltene in TL on the temperature region 
between 29 to 300 °C. The P(r) profile at 29 °C has the tail form as with the solvent and 
concentration dependence in the present study. The tail of P(r) profile decreases 
significantly with increasing temperature. The profile approaches to an symmetric shape, 
which reflects spherical form of the shape and/or decreasing size distribution of the 
asphaltene aggregate.30,117 The significantly change of P(r) is not observed in the case of 
concentration and solvent dependence from the P(r) profiles. In other words, change of 
thermal energy with increasing temperature is more important than the other contributions, 
such as the concentration and solvent, for inside structure of the asphaltene in the present 
system. The change of P(r) profile become poor change at the higher temperature region 
between 101 to 300 °C. This result suggests that the large change of disaggregate of 
asphaltene is completed until 101 °C. There is core structure of a high-stability state in 
the asphaltene aggregate for the thermal energy in higher than 101 °C. 
 
4.3.5. Temperature dependence of Rg.  
Figure 22 shows the Zimm plots, which were obtained from the SAXS intensities 
in the same manner as that of the concentration and solvent dependence. The temperature 
dependence of Rg is shown in Figure 22. Rg decreases from 5.1 to 3.9 nm with increasing 
temperature at lower than 200 °C. This change shows decreasing size of the aggregate, 
and corresponds to the disaggregate of asphaltene structure by the thermal energy. Rg 
increase 3.9 to 4.4 nm at 200 to 300 °C. The increase of Rg at higher temperature indicates 
three possibilities from following mechanisms. 
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1. Due to swelling asphaltene by increasing attractive interaction between TL and 
asphaltene, the volume of asphaltene increase. 
2. Owing to a clustering derived from the solvent, which is one of the unique properties 
of a supercritical fluid, scattering volume apparently increases with “local density 
enhancement” around the asphaltene aggregates.119  
3. The aggregates of asphaltene grow to larger size by increasing repulsive interaction 
between TL and asphaltene.  
On the other hand, the result of the size of the asphaltene in the previous study of 
SANS is observed monotonely reduction behavior with increasing temperature.101 Unlike 
the SAXS measurement, a contrast of scattering length between the solute and solvent 
can be changed freely by a deuterium substitutional in the case of the SANS measurement, 
and it had been performed in the reference measurement. From this effect, the local 
density enhancement by a solvation around the solute is hardly observed in the 
information of Rg. The behavior difference between the SAXS and SANS in the 
temperature dependence of asphaltene aggregate is attributable to the solvation effect 
(mechanism 2). The size of asphaltene aggregates change to a smaller state by the 
disaggregate from the SANS study in the present temperature region between 29 and 
300 °C. At the higher than 200 °C, the effect of the local density enhancement of TL 
becomes more clear by increasing attractive interaction between asphaltene and TL. It is 
reflected as increasing Rg with the temperature. These results suggest that TL is the good 
solvent not only the ambient condition but also the HT/HP.  
 
4.3.6. Disaggregate behavior of asphaltene in temperature dependence.  
The results of P(r) and Rg in the temperature dependence corresponds to the 
disaggregate model in the previous study.94,120 A conceptual diagram of the disaggregate 
process is showed based on the previous model by combining the present information of 
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P(r) and Rg in Figure 23. We divided mainly three contribution with the size of asphaltene 
aggregate, such as fractal aggregate, the core structure in the aggregate, and the solvation 
around asphaltene. It is known that asphaltene is formed the fractal aggregate at the 
ambient condition. On the temperature region between 29 and 101 °C, the disaggregate 
of the fractal aggregate contribute mainly in the size change with increasing temperature. 
The structure approaches to the core structure in the asphaltene aggregate. At the higher 
than 101 °C, the mainly contribution of disaggregate process varies from the fractal 
aggregate to the core structure. The change of core structure is smaller than the fractal 
aggregate, corresponding to the poor change of tail form of P(r). The solvation by the TL 
molecules is also occurs by the attractive interaction between TL and asphaltene. We 
reported the nature as the good solvent of TL from the present and previous studies from 
the viewpoint of SAXS and Hansen solubility parameter.105,106 In addition to this effect, 
the local density enhancement is occurred around the solute near the critical point of 
TL.119 From these results, the apparently volume of aggregate, which is formed by 
asphaltene and TL, increases near the critical point, while the volume of itself in 
asphaltene decreases with increasing temperature. The similar mechanism of the 
increasing interaction near the supercritical fluid has been reported as the attractive 
interaction by the clustering concept.60  
 
4.4. Conclusion 
The distance distribution function and radius of gyration of asphaltene in the TL 
and TL‒PT solvents were determined from the scattering profile using the small-angle X-
ray scattering method. We discussed the disaggregation process of asphaltene in the 
solvents from the viewpoint of concentration, solvent, and temperature. 
     In the concentration and solvent dependence, the radius of gyration shows the 
maximum, which separate the regions between the growth of aggregate and interparticle 
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interference, at 10000 ppm without the kind of solvents. The absolute value of radius of 
gyration in TL‒PT is larger than the TL solvent, indicating that the size of aggregate 
increases by the existence of PT component as the poor solvent. On the other hand, the 
distance distribution function shows the similar asymmetric shape in all the concentration 
and solvents systems. It is suggested that the aspect of inside structure in the aggregate 
doesn’t largely vary by the changing effect of concentration and solvent. 
     In the temperature dependence, we obtained the difference result about the radius 
of gyration with the previous study of neutron scattering. The one of reason is the 
solvation effect, which is strongly reflects in the case of X-ray scattering. The distance 
distribution function approaches to the symmetric shape from the asymmetric shape with 
increasing temperature. The significantly change is not observed in the case of solvent 
and concentration change. It suggested that the thermal energy is important that the other 
contribution, such as the solvent and concentration.  
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Figure 14. The scattering profiles of asphaltene in TL (○) and TL ̶ PT (△) at ambient 
condition. The concentration of both systems are 500, 1000, 5000, 10000, 100000 mg/L. 
 
 
0.0001
0.001
0.01
0.1
8 9
0.1
2 3 4 5 6 7 8 9
1
2
s / nm
-1
   500 mg/L
 TL
 TL–PT
0.0001
0.001
0.01
0.1
   1000 mg/L
 TL
 TL–PT
0.001
0.01
0.1
1
   10000 mg/L
 TL
 TL–PT
0.01
0.1
1
10
I(
s)
 

-2
 /
 c
m
3
   100000 mg/L
 TL
 TL–PT
50 
 
Figure 15. Distance distribution functions of asphaltene in TL and TL‒PT solvents, which 
correspond to red and blue line, respectively.  
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Figure 16. The Zimm plot of the SAXS intensity in TL (○) and TL ̶ PT (△) solvents at 
ambient condition. The concentration of both systems are 500, 1000, 5000, 10000, 
100000 mg/L. The solid line is the Zimm approximation fitting line. 
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Figure 17. The concentration dependence of the radius of gyration Rg asphaltene in TL 
(○) and TL ̶ PT (△) solvents. 
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Figure 18. The concentration dependence of the radius of gyration obtained from the 
Zimm approximation Rg
P(r) and the estimated value Rg
Zimm by P(r) in TL solvent. 
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Figure 19. The scattering profiles of asphaltene in TL under 10 MPa at different 
temperatures; ○: 29 ºC, ▼: 101 ºC, ◄: 200 ºC, □: 250 ºC, and ▲: 300 ºC, respectively. 
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Figure 20. The temperature dependence of the distance distribution function of asphaltene 
in TL.  
 
 
 
 
 
 
 
100
80
60
40
20
0
P
(r
) 
/ 
ar
b
. 
u
n
it
s
2520151050
r / nm
 29   °C
 101 °C
 200 °C
 250 °C
 300 °C
Decreasing the tail 
56 
 
Figure 21. The Zimm approximation of scattering profiles of asphaltene in TL under 10 
MPa at different temperatures; ○: 29 ºC, ▼: 101 ºC, ◄: 200 ºC, □: 250 ºC, and ▲: 300 
ºC, respectively. 
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Figure 22. The temperature dependence of radius of gyration of asphaltene in TL under 
10 MPa. 
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Figure 23. The conceptual diagram of the disaggregate process. The solid, broken, one 
dot chain, and two dot chain lines correspond to the contribution of the observing Rg, the 
fractal aggregate, the solvation, and the core structure, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
59 
 
 
 
 
 
 
 
Chapter 5. 
Structural fluctuation over entire concentration 
range 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
60 
5.1. Introduction 
In the Mixing phenomena of water and hydrophobic materials, although about three 
decades have passed since a report of a locus of the critical points at supercritical 
solutions,121 it has been known as insane phenomena for almost all people. Therefore, as 
far as we know, there has been no report about the structure information of the 
supercritical aqueous solution of hydrophobic material over entire concentration range. 
On the other hand, the excellent results were obtained by the development of some applied 
research. In particular, some new chemical reactions have been performed by the use of 
the structural fluctuation peculiar to the supercritical phase.122 
One of the advantages of the supercritical state is the perfectly mixing of water and 
hydrophobic materials over entire centration range.63,64,73,74,121,123 However, as far as we 
know, there have been few reports from this viewpoint. In the thermodynamic study, 
Abdulagatov et al. have determined the relationship between the pressure, the volume, 
the temperature, and the concentration of the supercritical aqueous solutions of some 
hydrophobic materials using a constant volume piezometer in detail,63,64,123 providing that 
the phase separation line, the partial molar volume, the compressibility factor, excess 
molar volume. Therefore, the excess number of the solvent molecules around the solute 
have been obtained though the Kirkwood-Buff theory in the dilute concentration region. 
In the computer simulation study, the hydrophobic effect of benzene dimer in the 
supercritical water has been discussed by comparison with the ambient condition. The 
intermolecular interaction between benzene and benzene affects the wide region in the 
space irrespective of the dilute concentration of benzene.124  
The fluctuation is one of most appropriate parameters for the evaluation of the 
characteristic properties of the supercritical fluids. This is why the inhomogeneity of the 
molecular distribution of the supercritical fluid is extremely larger than the other 
phases,43,47,48,50,55–59 suggesting that the ordinary physical quantities evaluate only one 
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part as the average information in the system. The fluctuation includes the information of 
some structure, as well as the average structure. Although the fluctuation directly reflects 
the structural information of supercritical fluid, the Bhatia-Thornton theory, which is 
fluctuation theory for the determination of the fluctuation of the binary system, has the 
limitation in the adaptive range of the system. It is attributed to wide variability of the 
density of the supercritical fluid. 
In the present chapter, the SAXS and the density measurements were performed in 
the supercritical aqueous solution of n-pentane from viewpoint of concentration and 
density change. Individual fluctuations of water, n-pentane, and cross term were 
determined based on the SAXS intensity and density over entire concentration and wide 
density ranges in consideration of the problem point of the Bhatia-Thornton theory. 
 
5.2. Analysis method 
     The individual fluctuation of water Fw,
15 n-pentane Fp,
15 and cross term Fc is 
defined as follows,  
 
 Fw=
〈(∆Nw)2〉
〈Nw〉
, (16) 
 Fp=
〈(∆Np)2〉
〈Np〉
, (17) 
 Fc=
〈∆Nw∆Np〉
〈N〉
, (18) 
 
where ΔNw is the difference between the instantaneous particle number of water in the 
local volume and its average value. ΔNp is the difference of the particle number of n-
pentane from its average value. <Nw> and <Np> are the average value of water and n-
pentane particles in the local volume. Fw and Fp express the inhomogeneity of water and 
n-pentane in the system, respectively. Fc reflects an attractive and a repulsive interactions 
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between water and n-pentane from viewpoint of the structure. 
     The three individual fluctuations of water,15 n-pentane,15 and cross term, are 
connected the concentration fluctuation though the Kirkwood-Buff theory14 as follows,  
 
 Fp = 
np
n
(SNN(0)+
2
xp
SNC(0)+
1
xp2
SCC(0) −
2
xp
) + 1 , (19) 
 Fw = 
nw
n
(SNN(0) −
2
xw
SNC(0)+
1
xw2
SCC(0) −
2
xw
) + 1 , (20) 
 Fc = 
(SNN(0)+
xw − xp
xpxw
SNC(0)+
1
xpxw
SCC(0))
n (
1
np
+
1
nw
)
 , (21) 
 
where np is the number density of n-pentane, nw the number density of water, xp mole 
fraction of n-pentane, xw mole fraction of water.  
 
 
5.3. Experimental method 
The SAXS and the density measurements were performed in the supercritical 
aqueous solution of n-pentane of 0.0880, 0.2, 0.4, 0.7 mole fractions along the critical 
isotherm of water at BL-6A and BL-15A2 station,23,125 Photon Factory in High Energy 
Acceleration Research Organization, Tsukuba. The conditions and devices of SAXS and 
density measurements correspond to “Chapter 2.3”. The exposure time in all the systems 
were 60 s.  
 
5.4. Results and discussions 
5.5.1. The density factor 
Figure 24 shows the number density dependence of the density factor at some 
concentration range. The density factor of neat water and n-pentane is also included in 
Figure 24. The density factors in all the concentrations have the divergence or the maxima 
at the each density position, suggesting that the system transfer from the gas-like region 
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to liquid-like region. In particular, the density factor of the neat water diverges at 
n=2.72×1021 cm-3. The thermodynamic condition (n=2.72×1021 and T=647 K) 
corresponds to the critical point of neat water,27 which shows the extremely large 
inhomogeneity of the molecular distribution. The maximum value of the density factor 
decreases monotonely by the addition of n-pentane. The inhomogeneity is strongly 
affected by the phase separation line as with the critical point. Figure 25 shows the phase 
diagram in some mole fractions of n-pentane. The separation line significantly moves to 
lower temperature region from the experimental temperature with increasing mole 
fraction, connecting the decreasing density factor. 
From these results, the density factor depends on the critical point or the phase 
separation line. The standardization by the critical number density is a necessity in the 
same case of the previous study of the neat systems. However, there is no information 
about the critical constants of the supercritical aqueous solution of n-pentane without our 
result of 0.0880 mole fraction as the bending point of separation line. The importance of 
the bending point was discussed in Chapter 3.3.2. Figure 26 shows the concentration 
dependence of the thermodynamic conditions of the bending point of other concentrations. 
The critical number densities nc in 0.2, 0.4, 0.7 mole fractions were estimated from the 
bending point and the density factor as follows,19  
 
 nc=
nDf
3 − 2√
T
TC
3
, 
(22) 
 
where nDf and T are the density at the maximum of Df and the experimental temperature, 
respectively. Figure 27 shows the reduce density n/nc dependence of the density factor. 
The density at the maximum of the density factor shifts to lower density region with 
decreasing absolute value of the density factor from n/nc=1. The same behavior is 
observed in the neat supercritical fluid.19,22,47,48,50,55,58 This results suggests that the 
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boundary density between gas- and liquid-like regions shifts to the lower density region 
in the same result of the neat system.  
 
5.5.2. Partial molar volume without the information of the void 
The contradiction in the Bhatia-Thornton theory was observed in the present study. 
The partial molar volume without the information of the void is the necessity for the 
determination of the individual fluctuations of water, n-pentane, and cross term. Figure 
28 shows the number density dependence of the volume factor and density factor of the 
0.0880 mole fraction. The density position at the maximum of the density factor reflects 
the boundary point between the gas- and liquid-like region. The higher and lower density 
regions from the density at the maximum of the density factor correspond to the liquid-
like partial molar volume and the gas-like partial molar volume. If all the variation of the 
partial molar volume with decreasing density corresponds to the effect of the void in the 
lower density region, the corresponding partial molar volume with the scattering volume 
in SAXS is exhibited as the blue solid line in Figure 28.  
The void effect is observed not only the density dependence but also the 
concentration dependence in the majority region of the large size component, namely n-
pentane in the case of the present study. This is why the volume of the small size molecule 
is overestimated by the void occurred from packing of the large size molecule. Figure 29 
shows the mole fraction dependence of the volume factor ratio, which is obtained by the 
ratio between experimentally determined volume factor and calculated value from the 
intrinsic volume, in some density. The zero and the negative values are observed in higher 
mole fraction region in the same case of the density dependence. We estimated the volume 
factor in the higher concentration range from the change rate of the intrinsic volume based 
on the volume factor of 0.0880 mole fraction. The re-analysis value is also included in 
Figure 29. The individual fluctuations were determined by those volume factor combined 
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with the scattering factor and the density factor. 
 
5.5.3. Individual fluctuation over entire concentration range 
The individual fluctuations of water, n-pentane, and cross term, were determined 
for the supercritical aqueous solution of n-pentane in mole fraction of n-pentane at 0, 
0.088, 0.2, 0.4, 0.7, and 1. The measured points are exhibited in figure 30. We selected 
gas- (●) and liquid-like states (□). The measurements were performed along the critical 
isotherm of water at 647 K.  
Figure 31 shows the concentration dependence of the individual fluctuations in the 
gas- and liquid-like regions. The fluctuation behavior is categorized into broad types, such 
as 0.0880 mole fraction and the other mole fractions. The fluctuations have almost same 
behavior in the two states. The water fluctuations have large absolute value, which is 
generally observed in supercritical fluids,58 suggesting that the large inhomogeneity of 
molecular distribution like the coexistence state of sparse and dense area of water. On the 
other hand, the n-pentane fluctuation nearly equal to zero value. The result indicates that 
the n-pentane molecules distribute uniformity in the space. Furthermore, the cross 
fluctuation has the positive value. It corresponds to attractive interaction between water 
and n-pentane from viewpoint of the structure. From these results, we can draw the 
schematic diagram in figure 32. The n-pentane molecules have uniformity distribution at 
supercritical condition unlike the ambient condition, which shows the large 
inhomogeneity to occur the phase separation.  
In the 0.0880 mole fraction, the characteristic results are water and n-pentane 
fluctuations become large increasing as transferring from gas-like to liquid-like regions. 
The both behavior show the large inhomogeneity of molecular distribution of water and 
n-pentane. Therefore, the cross fluctuation changes to a negative value, corresponding to 
the repulsive interaction. These results suggest that the present system approach to phase 
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separation with increasing fluid density. The schematic diagram is shown in Figure 33. 
The sign of the phase separation is observed only 0.0880 mole fraction. The phase 
separation observed in the case of other systems, such as polymer solution, aqueous 
solution, etc. In all systems, a common condition is 1 to 1 volume fraction. In the present 
system, the van der Waals volume of n-pentane is 5 times higher than water. In other 
words, 0.088 mole fraction correspond to 1 to 1 volume fraction. The phase separation 
occurs by this effect. Therefore, the sign of the phase separation is also observed in 
another temperature at 660 K. Figure 34 shows the pressure dependence of the 
concentration fluctuation of the electron number at 660 K, which is obtained by the 
comparison between the scattering factor and the density factor without the information 
of the volume factor. The concentration fluctuation at 660 K also increases significantly 
in the same case of 647 K. 
 
5.5. Conclusions 
We determined the fluctuation behavior in the supercritical aqueous solution of n-
pentane over entire concentration range. The behavior categorized into broad types, such 
as 0.0880 mole fraction and the other mole fractions. In the other mole fractions, Water 
has large inhomogeneity of molecular distribution. One the other hand, n-pentane 
uniformity distribute in space. The relationship between water and n-pentane corresponds 
to the attractive interaction. On the other hand, water and n-pentane become increasing 
as transferring from gas-like to liquid-like regions, and cross fluctuation change to the 
negative value in the 0.0880 mole fraction. The results at xp=0.088 suggest that the system 
approach to phase separation at higher density region. 
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Figure 24. The number density dependence of the density factor of the supercritical 
aqueous solution of n-pentane. The symbols of open cycle, square, triangle, reverse 
triangle, correspond to 0.088, 0.2, 0.4, 0.7 mole fraction, respectively. The blue and red 
lines represent the density factor of neat water and n-pentane calculated by the equation 
of state, respectively. 
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Figure 25. The phase diagram of supercritical aqueous solution system of n-pentane in 
0.027, 0.088, 0.138 mole fraction. 
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Figure 26. The mole fraction of n-pentane dependence of the pressure and temperature of 
the bending point of the supercritical aqueous solution system of n-pentane. The solid line 
was estimated from the flexible ruler. 
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Figure 27. The reduce density dependence of the density factor. The symbols of open 
cycle, square, triangle, reverse triangle, correspond to 0.088, 0.2, 0.4, 0.7 mole fraction, 
respectively. The blue and red lines represent the density factor of neat water and n-
pentane calculated by the equation of state, respectively. 
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Figure 28. The density dependence of the volume factor (green broken line) and the 
density factor (red closed triangle). The blue solid line corresponds to the partial molar 
volume without the void. 
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Figure 29. The mole fraction dependence of the volume factor ratio, which was 
determined by the ratio between the experimentally determined partial molar volume and 
the calculated value estimated by the intrinsic volume.  
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Figure 30. The phase diagram of the supercritical aqueous solution of n-pentane along the 
critical isotherm of water at 647 K. The symbols of open square and closed cycle 
correspond to measured points. The solid line represents the boundary line between the 
gas- and the liquid-like regions.  
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Figure 31. The individual fluctuation of the supercritical aqueous solution of n-pentane 
along the critical isotherm of water at 647 K. The symbols of closed cycle of blue, red, 
and green, correspond to the fluctuations of water, n-pentane, and cross term in the gas-
like state, respectively. The open square corresponds to the liquid-like region.  
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Figure 32. Schematic diagram of the supercritical aqueous solution of n-pentane except 
for xp=0.088. The red and the blue cycle are n-pentane and water particles, respectively.  
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Figure 33. Schematic diagram of the supercritical aqueous solution of n-pentane for 
xp=0.088. The red and the blue cycles are n-pentane and water particles, respectively. 
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Figure 34. The pressure dependence of the concentration fluctuation of the electron 
number at 647 K and 660 K. The symbols of closed reverse triangles and open squairs 
are 647 K and 660 K, respectiely. 
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